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Abstract
An overview of the present knowledge about succinate:quinone oxidoreductase in Paracoccus denitrificans and Bacillus
subtilis is presented. P. denitrificans contains a monoheme succinate:ubiquinone oxidoreductase that is similar to that of
mammalian mitochondria with respect to composition and sensitivity to carboxin. Results obtained with carboxin-resistant
P. denitrificans mutants provide information about quinone-binding sites on the enzyme and the molecular basis for the
resistance. B. subtilis contains a diheme succinate:menaquinone oxidoreductase whose activity is dependent on the
electrochemical gradient across the cytoplasmic membrane. Data from studies of mutant variants of the B. subtilis enzyme
combined with available crystal structures of a similar enzyme, Wolinella succinogenes fumarate reductase, substantiate a
proposed explanation for the mechanism of coupling between quinone reductase activity and transmembrane
potential. ß 2002 Elsevier Science B.V. All rights reserved.
Keywords: Cytochrome structure; Carboxin resistance; Succinate dehydrogenase; Heme protein
1. Introduction
Paracoccus denitri¢cans and Bacillus subtilis are
bacteria found in soil. Under oxic growth conditions
these micro-organisms contain a succinate:quinone
oxidoreductase (SQR; EC 1.3.5.1) in the cytoplasmic
membrane. The enzyme has the function to oxidize
succinate to fumarate, as part of the Krebs’ cycle,
and directly couples this to the reduction of quinone
in the membrane. Quinol is then oxidized by the
respiratory chain. P. denitri¢cans and B. subtilis
SQR might from a glance appear to be very similar
enzymes as expected from the common principal
function. A detailed look, however, shows remark-
able structural diversity in the membrane-integral
part of the enzymes. This diversity re£ects evolu-
tionary divergence and also important functional
di¡erences between the enzymes. A comparative
minireview on the present knowledge about the com-
position, structure, properties, and function of
P. denitri¢cans and B. subtilis SQR is here presented.
2. Biology of P. denitri¢cans and B. subtilis
P. denitri¢cans, formerly known as Micrococcus
denitri¢cans, is a Gram-negative, coccoid, non-mo-
tile, bacterium. It belongs to the alpha subclass of
Proteobacteria (Fig. 1). The P. denitri¢cans genome
has a high G+C content (66.5%) and consists of
0005-2728 / 02 / $ ^ see front matter ß 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 1 ) 0 0 2 3 1 - 6
* Fax: +46-46-157839.
E-mail address: lars.hederstedt@mikrbiol.lu.se (L. Hederstedt).
BBABIO 45102 4-1-02
Biochimica et Biophysica Acta 1553 (2002) 74^83
www.bba-direct.com
three distinct DNA molecules, so called megaplas-
mids [1]. The energy metabolism of P. denitri¢cans
is versatile but never fermentative. The bacterium
can grow heterotrophically on a variety of di¡erent
carbon and energy sources and it may grow either
aerobically or anaerobically using nitrate, nitrite, ni-
tric oxide or nitrous oxide as terminal electron ac-
ceptor. It can also grow autotrophically using meth-
anol or hydrogen as sole energy source. The enzymes
of the aerobic respiratory chain of P. denitri¢cans are
similar to these of mitochondria, but are generally
simpler. This has stimulated research on P. denitri¢-
cans, especially in the ¢eld of bioenergetics. Common
to the mitochondrial respiratory chain, P. denitri¢-
cans cytoplasmic membranes contain benzoquinones,
predominantly ubiquinone-10. SQR activity seems to
be essential for aerobic growth of P. denitri¢cans
strains on complex media [2].
B. subtilis is a much studied Gram-positive bacte-
rium (Fig. 1) with a low G+C content (43.5%) in the
chromosomal DNA [3]. It is rod-shaped, motile, and
can upon nutrient de¢ciency di¡erentiate into an en-
dospore, a dormant state very resistant to, e.g., heat,
desiccation and radiation. The complete B. subtilis
strain 168 genome, consisting of a single circular
chromosome of about 4.2 megabase pairs, has been
sequenced. B. subtilis grows preferably by aerobic
respiration but it also has the capacity to grow an-
aerobically, either by using nitrate or nitrite as ter-
minal electron acceptor, or by fermentation [4]. The
cytoplasmic membrane contains naphthoquinones,
predominantly menaquinone-7, but no benzoqui-
nones [5]. Aerobic cells harbor a complete Krebs’
citric acid cycle [6]. SQR in B. subtilis is not required
for growth on complex media or on minimal medium
with glucose [7].
3. General composition and function of SQR
P. denitri¢cans and B. subtilis SQR have been iso-
lated and characterized in relatively great detail. The
composition and some properties of the two enzymes
are presented in Table 1. They both consist of a
membrane-peripheral part, exposed to the cytoplasm,
and a membrane-integral (-anchor) part that spans
the membrane (Fig. 2) [8]. The peripheral part is a
heterodimer composed of a £avoprotein (SdhA) and
an iron^sulfur protein (SdhB). SdhA contains one
covalently bound FAD (8K-N3-histidyl ribo£avin
Table 1
Comparison of SQR from B. subtilis and P. denitri¢cans
Characteristic Bacterium
B. subtilisa P. denitri¢cansb
Polypeptide composition SdhA (584 residues) SdhA (600 residues)
SdhB (251 residues) SdhB (259 residues)
SdhC (201 residues)c SdhC (130 residues)
SdhD (129 residues)
Prosthetic groups FADcov:, [2Fe^2S], [4Fe^4S], [3Fe^4S], heme bP, heme bD FADcov:, [2Fe^2S], [4Fe^4S], [3Fe^4S], heme b
Electron acceptor menaquinone ubiquinone
Enzyme activity (s31) 116d 155d
Inhibitors HQNO carboxin, TTFA
aData from [21,23,35,43,51^54].
bData from [2,16,24,55].
cThe N-terminus of isolated B. subtilis SdhC is ragged; 55% of the polypeptides contain the N-terminal Met residue and the other
45% lack this residue [23].
dMoles of succinate oxidized per mole of puri¢ed enzyme. Activity was assayed at 30‡C using phenazine methosulfate as primary elec-
tron acceptor [2,21].
Fig. 1. Phylogenetic tree of part of the bacterial domain based
on 16S rRNA sequence comparisons.
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linkage to the polypeptide) and harbors the dicar-
boxylate-binding site of the enzyme where succinate
is oxidized to fumarate. SdhB contains three di¡erent
iron^sulfur centers that constitute a linear electron
transfer pathway from the FAD to the membrane-
anchor part of the enzyme.
The membrane-anchor part of P. denitri¢cans
SQR consists of two polypeptides, SdhC and
SdhD, and one protoheme IX (heme B) group (Table
1 and Fig. 3A). The B. subtilis anchor consists of one
polypeptide, SdhC, and two heme B groups (Fig.
3B). The membrane-anchor part of SQR is essential
for binding the SdhA^SdhB dimer to the membrane
and for electron transfer from the iron^sulfur centers
to quinone.
Monomeric and dimeric anchors of various SQRs
clearly have a common evolutionary origin although
the amino acid sequence similarities are low [9]. The
monomeric anchors with ¢ve transmembrane seg-
ments have most likely originated from the dimeric-
type of anchor (six transmembrane segments in total)
as the result of a fusion event whereby one trans-
membrane segment (no. III) was eliminated [9,11].
The recent X-ray crystal structures of Wolinella suc-
cinogenes and Escherichia coli quinol:fumarate re-
ductase (QFR) [13,14] containing one and two poly-
peptides in the anchor, respectively, demonstrate that
the monomeric and dimeric anchors are closely re-
lated. QFR is found in anaerobic organisms growing
with fumarate as terminal electron acceptor. SQR
and QFR can in vitro catalyze generally the same
reactions but in vivo they catalyze the reverse reac-
tions [10].
There is as yet no X-ray crystal structure available
for any SQR [12]. However, the structures of W.
succinogenes and E. coli QFR together with sequence
data from many organisms, provide a framework
that allows reasonable predictions of the general
structure of SQR in di¡erent organisms.
4. Genetics
Genes for the SQR proteins in bacteria are gener-
ally compactly organized in an operon with the gene
Fig. 2. Illustration of P. denitri¢cans (A) and B. subtilis (B) SQR in membranes and a comparison of proposed electron transfer path-
ways from succinate to quinone in these enzymes. QP and QD denote a putative proximal and a distal quinone-binding site, respec-
tively.
Fig. 3. Schematic drawings of the membrane-anchor of P. deni-
tri¢cans (A) and B. subtilis (B) SQR. The P. denitri¢cans an-
chor consists of one heme (bP) and two polypeptides (SdhC has
transmembrane segments I^III; SdhD has segments IV^VI).
The B. subtilis anchor consists of one polypeptide (SdhC) with
two hemes (bP and bD). The histidine residues being axial li-
gands to heme are indicated for the B. subtilis anchor
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order sdhC^(sdhD)^sdhA^sdhB (Fig. 4). The P. deni-
tri¢cans sdh operon is non-traditional by having a
753 bp sequence between the sdhA and sdhB genes.
This intervening sequence contains an open reading
frame encoding a putative 122-residue polypeptide,
SdhE. This polypeptide has no clear sequence simi-
larity to TCM62p that has a role in assembly of SQR
in Saccharomyces cerevisiae [15] or to other proteins
of known function available in public databases. It
remains to be determined if the sdhE gene is of any
importance for expression of the 4.3 kb sdhCDAEB
operon, or assembly, or function of P. denitri¢cans
SQR.
The 5P-end of the P. denitri¢cans sdh mRNA cor-
responds to a position 133 nucleotides prior to the
translational start site of the sdhC gene [16]. The sdh
operon seems to be transcribed from a sigma-70-like
promoter [1]. Little is know about the regulation of
expression of the sdh operon, but the level of sdh
mRNA in cells grown in Luria^Bertani broth under
aerobic conditions is about ¢ve-fold higher if succi-
nate is included in the medium. The SQR activity of
isolated membranes is however only slightly in-
creased by adding succinate to the growth medium.
Cells grown under anoxic conditions with nitrate
contain about the same amount of sdh mRNA and
SQR activity as cells grown under oxic conditions
[16].
Over-expression of the P. denitri¢cans sdh operon
in P. denitri¢cans, i.e. having the genes on a plasmid
in a wild-type strain, can result in about two-fold
over-production of membrane-bound SQR measured
both as enzyme protein and activity [2,16].
The B. subtilis sdhCAB operon (Fig. 4) is tran-
scribed into a 3.45 kb mRNA from a sigma-A (major
vegetative) -type promoter. The promoter region has
been identi¢ed by mapping the 5P-end of the mRNA
and by several mutations that a¡ect transcription
[17,18]. The 90-nucleotide long leader sequence (in-
tervening sequence between the transcription initia-
tion site and the sdhC translational start codon) con-
tains a short open reading frame, orfX. There is a
potential ribosome-binding sequence six bases up-
stream of the start of orfX but it is not known if
orfX is translated or has any physiological function
[17]. The activity of the B. subtilis sdh promoter is
under glucose repression, i.e. the activity of the pro-
moter in exponentially growing cells is several folds
lower if glucose is present in the medium. The
steady-state level of sdh mRNA in cells is, in addition
to the growth medium, dependent on growth stage
[17,19]. For example, in rich medium this level is
higher at the end of exponential growth as compared
to early stationary phase. The di¡erences in steady-
state level of sdh mRNA can (at least in part) be
explained by changes in stability of the RNA. For
example, the half life of the mRNA is 2^3 min in
exponentially growing cells but 1.2^0.4 min (depend-
ing on the cistron) in early stationary phase cells
[19,20].
The B. subtilis sdhCAB genes on plasmid in B.
subtilis result, at most, in about three-fold over-pro-
duction of fully active membrane-bound SQR [21].
This modest over-production of SQR (also seen with
P. denitri¢cans) indicates that other factors than the
gene-dosage limit the expression of enzyme. These
factors may be, in bacteria, not yet identi¢ed assem-
bly factors. Expression of the B. subtilis sdhCAB op-
eron from plasmids in E. coli results in the synthesis
of all three Sdh polypeptides but no assembled het-
erologous enzyme in the membrane. SdhC, with the
two heme B groups and normal thermodynamic and
spectroscopic properties, is incorporated into the E.
coli membrane [22]. B. subtilis SdhA, without cova-
lently bound FAD, and SdhB polypeptides accumu-
late as water-soluble proteins in the E. coli cells [23].
Fig. 4. Chromosomal organization of sdh genes. Promoters of transcription are indicated by hooked arrows.
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5. P. denitri¢cans SQR
P. denitri¢cans and bovine heart SQR have very
similar properties including sensitivity to enzyme ac-
tivity inhibitors (Tables 1 and 2). The SdhA and
SdhB polypeptides of the two enzymes show 63
and 68% sequence identity, respectively. As a refer-
ence, SdhA and SdhB polypeptides of B. subtilis and
P. denitri¢cans show only 30 and 32% sequence iden-
tity, respectively. Mammalian mitochondrial and P.
denitri¢cans SQRs also have in common that the
SdhA^SdhB dimer can be split o¡ from the mem-
brane-anchor part as a water-soluble subcomplex.
This complex is often referred to as succinate dehy-
drogenase (EC 1.3.99.1). It does not show quinone
reductase activity but can catalyze succinate-depen-
dent reduction of redox dyes, e.g. phenazine metho-
sulfate.
The polypeptides of the peripheral part of E. coli
QFR and P. denitri¢cans SQR show about 40% se-
quence identity. Both enzymes have two polypeptides
(SdhC/FrdC and SdhD/FrdD) in the membrane-an-
chor and these have each been predicted to contain
three membrane-spanning K-helical segments. The N-
termini of the polypeptides are predicted to be ex-
posed on the same side of the membrane as the pe-
ripheral part of the enzyme is bound. The X-ray
crystal structure of E. coli QFR con¢rms this mem-
brane topology and shows that helices I and II of
FrdC and IV and V of FrdD form a bundle consti-
tuting the core of the anchor [14]. Importantly, and
in contrast to P. denitri¢cans SQR, E. coli QFR con-
tains no heme. This fact and the poor sequence sim-
ilarity between polypeptides [9] make detailed struc-
tural modeling of the P. denitri¢cans anchor based
on the QFR structure unreliable. However, the over-
all arrangement of the six transmembrane helices in
the anchor of P. denitri¢cans SQR is most likely very
similar to that in E. coli QFR.
Electron paramagnetic resonance (EPR) cryospec-
troscopy with P. denitri¢cans SQR has shown elec-
tromagnetic interactions between the [2Fe^2S] and
the [4Fe^4S] center, between the [4Fe^4S] and
[3Fe^4S] center, and between the [3Fe^4S] center
and the heme group [24]. These ¢ndings con¢rm
that the arrangement of the three iron^sulfur clusters
in P. denitri¢cans SQR is very similar to that in E.
coli QFR and W. succinogenes QFR. The experimen-
tal data also indicate that the heme iron in P. deni-
tri¢cans SQR is located close (6 20 Aî ) to the [3Fe^
4S] cluster [24]. This strongly suggests that the single
heme in P. denitri¢cans SQR (Figs. 2A and 3A) cor-
responds in location to heme bP in W. succinogenes
QFR.
6. Carboxin resistance
5,6 - Dihydro-2-methyl-1,4-oxathin-3-carboxanilide
(carboxin) is a speci¢c inhibitor of SQR from several
di¡erent organisms including mammals, plants, fungi
and the bacterium P. denitri¢cans [25]. Carboxin in-
terferes with electron transfer from the [3Fe^4S] cen-
ter to quinone [26]. Sensitivity to carboxin varies
greatly among species but it seems to be restricted
to succinate:ubiquinone reductases. Carboxin and its
derivatives are used as fungicides, being particularly
e¡ective against smut diseases.
Table 2
Properties of prosthetic groups
Enzymea Prosthetic groupb Ref.
[2Fe^2S]2;1 [4Fe^4S]2;1 [3Fe^4S]1;0 heme b
Em;7 (mV) Em;7 (mV) Em;7 (mV) Em;7 (mV) EPR signal (gmax)
P. denitri¢cans SQR n.d. n.d. n.d. 3176 3.6 [24,56]
Bos taurus SQR þ 0 3260 +60 to +120 3185 3.46 [57^60]
W. succinogenes QFR 359 63250 324 bH, +20 n.d. [61,62]
bL, 3200 n.d.
B. subtilis SQR +80 3240 325 bP, +65 3.68 [21,63]
bD, 395 3.42
aIsolated enzyme in detergent.
bn.d. ; no data available.
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Carboxin shows some structural similarity to ubi-
quinone and there are several lines of evidence indi-
cating that carboxin binds to a quinone-binding site,
the QP site (Fig. 2A), close to the [3Fe^4S] center in
SQR. With bovine heart SQR, carboxin is known to
quench an enzyme-associated semiquinone radical
signal detectable by EPR [27]. Photo-labeling experi-
ments have shown that carboxin binds to the mem-
brane-anchor part of intact SQR [28]. However, the
isolated membrane anchor is not speci¢cally labeled,
suggesting that the membrane-peripheral domain of
SQR contributes to the carboxin-binding site. Studies
with carboxin-resistant SQR in P. denitri¢cans have
revealed two amino acid residues that probably are
involved in binding carboxin [2,29]. One is a histidine
residue in SdhB positioned close to the [3Fe^4S] cen-
ter. The other is an aspartate residue in SdhD lo-
cated in the cytoplasmic loop connecting transmem-
brane segments V and VI in the membrane-anchor.
The indicated histidine and the aspartate residues are
conserved in succinate:ubiquinone reductases [8].
Certain substitutions of the histidine residue in
SdhB confer carboxin resistance to P. denitri¢cans
cells [29] and also to the basidiomycete Ustilago may-
dis [30,31] and the ascomycete Mycosphaerella grami-
nicola [32]. Based on the available E. coli QFR struc-
ture, the putative carboxin-binding histidine and
aspartate residues are both located close to the QP
site [29].
Carboxin-sensitive enzymes are usually also sensi-
tive to 4,4,4-tri£uoro-1-(2-thienyl)-butane-1,3-dione
(TTFA) but this inhibitor is generally less speci¢c
and less potent than carboxin. TTFA competes
with carboxin for binding to SQR [28,33,34]. With
P. denitri¢cans SQR we have found that mutations
conferring carboxin resistance do not necessarily
confer cross-resistance to TTFA [29]. Taken togeth-
er, these results suggest that the binding sites on
SQR for carboxin and TTFA overlap but are not
identical.
7. The diheme B. subtilis SQR anchor
B. subtilis SQR is a menaquinone reductase
[35,36]. The activity of this enzyme is dependent on
the electrochemical potential across the cytoplasmic
membrane [37]. The quinone reductase activity drops
Fig. 5. Alignment of SdhC sequences from di¡erent bacteria. Accession numbers for the sequences: B. subtilis, M13470; Bacillus halo-
durans, AP001517 BA000004; Paenibacillus macerans, Y08563; Staphylococcus aureus, AP003132 BA000018; Helicobacter pylori,
U78101; W. succinogenes, AJ000662. The ¢ve segments in the W. succinogenes sequence that form transmembrane (TM) helices as
demonstrated by the X-ray crystal structure [13] are indicated. The four invariant histidine residues acting as axial ligands to heme
are indicated by asterisks. Residue His13 in B. subtilis SdhC is indicated by the other symbol.
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drastically if an uncoupler (e.g. carbonyl m-chloro-
phenyl hydrazone) is added to cells or if the cyto-
plasmic membrane is disrupted. This phenomenon is
not observed with P. denitri¢cans or other bacteria
that contain a succinate:ubiquinone reductase. The
coupling of SQR activity to the membrane potential
is explained by the structural organization of hemes
and location of quinone-binding sites in the mem-
brane-integral part of the enzyme.
B. subtilis SQR and W. succinogenes QFR are very
similar in composition and most likely also in struc-
ture. The membrane anchor has ¢ve transmembrane
K-helical segments (I, II, IV, V, and VI), as indicated
by indirect experimental data with B. subtilis SQR
[38] and demonstrated by the 2.2 Aî structure of the
QFR [13]. Helices I, II, IV and V form a bundle
inside which the two heme B groups are ligated by
histidine residues, as illustrated in Fig. 3B. The
planes of the heme groups are oriented approxi-
mately perpendicular to the membrane plane and
to each other. The distance (edge to edge) from the
nearest iron^sulfur center in the peripheral part of
the enzyme, i.e. the [3Fe^4S] center, to the proximal
heme, heme bP, close to the cytoplasmic side of the
membrane is 12.5 Aî . The distance between heme bP
and the distal heme, heme bD, is only 7.1 Aî . These
short distances are ideal for rapid electron transfer,
as discussed in detail by Ohnishi et al. [39]. The
function of the heme groups is apparently to mediate
transmembrane electron transfer between the [3Fe^
4S] center and a quinone-binding site on the positive
(outer) side of the cytoplasmic membrane (Fig. 2B).
Properties of heme bP and heme bD in B. subtilis
SQR are fully consistent with their roles as pure
electron carriers [40].
The B. subtilis SQR and W. succinogenes QFR
membrane-anchor polypeptides, SdhC and FrdC,
are clearly homologous but only 22 residues are con-
served (Fig. 5). Compared to B. subtilis SdhC, the W.
succinogenes FrdC polypeptide has a 16-residue ex-
Table 3
Summary of characterized mutant variants of the diheme membrane-anchor protein SdhC of B. subtilis SQR
Mutation E¡ect(s) Reference
His13 CTyr Assembled SQR with about 50% of normal activity. Altered properties of
heme bP (Em;7 decreased by 89 mV, EPR gmax = 3.50) and heme bD
(Em;7 decreased by 35 mV; EPR gmax = 3.39) compared to wild-type (Table 2).
Isolated enzyme not stable in the presence of succinate.
[38]
His28 CTyr SQR not assembled. Contains heme (one component; Em;7 = ca. +40 mV). [38]
CLeu Assembled SQR. Active succinate dehydrogenase but inactive
succinate:quinone reductase. Contains heme bP of about normal Em;7 but
lacks low potential heme.
[44]
His47 CTyr Assembled fully active SQR. [64]
His70 CTyr SQR not assembled. [38,64]
CLeu SQR not assembled. M. Matsson, M. Martinez-
Jime¤nez, L. Hederstedt,
unpublished data
His70 Tyr73CTyr Ser Assembled SQR. Succinate dehydrogenase and succinate:quinone reductase
activities are 20 to 30% of normal.
M. Matsson, M. Martinez-
Jime¤nez, L. Hederstedt,
unpublished data
His113 CTyr SQR not assembled. Contains heme. [38]
CLeu SQR not assembled.
CMet Assembled SQR. Normal succinate dehydrogenase activity. Low
succinate:menaquinone reductase activity. Altered properties of heme bD
(Em;7 increased by s 100 mV) compared to wild-type (Table 2).
[44]
Gln122 CSTOP SdhC polypeptide not found in membranes. [65]
His155 CTyr SQR not assembled. Contains heme. [64]
CLeu Assembled SQR with some succinate:quinone reductase activity but is
apparently unstable.
M. Matsson, M. Martinez-
Jime¤nez, L. Hederstedt,
unpublished data
Gly168 CAsp SQR not assembled. Properties of heme bP and heme bD seem normal. [65]
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tension at the N-terminal end, a 7-residue longer
loop between helices I and II, and also between II
and III, and a 27-residue extension at the C-terminal
end.
Among the invariant residues in B. subtilis SdhC
and W. succinogenes FrdC are four histidine residues,
one in each of helices I, II, IV, and V which serve as
axial ligands to the iron atom of the two heme
groups. These conserved histidine residues (Fig. 5)
and a few other residues in B. subtilis SdhC have
been replaced by other amino acid residues and the
resulting phenotypes analyzed (Table 3). Replace-
ment of His70 or His155 (the axial ligands to heme
bP ; Fig. 3B) by other residues generally a¡ects the
assembly of SQR, i.e. SdhA and SdhB can then not
be tightly bound to SdhC. This suggests that heme bP
has an important structural role in B. subtilis SQR
and this is also indicated by the crystal structure of
W. succinogenes QFR.
Changing His13 to Tyr in B. subtilis SdhC a¡ects
the midpoint redox potential and spectroscopic prop-
erties of heme bP but has only a minor e¡ect on heme
bD (Table 3). Furthermore, the isolated succinate-re-
duced mutant enzyme is very labile compared to the
wild-type enzyme [38]. Residue 13 in B. subtilis SdhC
is present in a sequence motif that is conserved in
several Gram-positive bacteria and might correspond
to Gln30 in W. succinogenes FrdC (Fig. 5). The in-
dicated Gln residue interacts with a propionyl group
of heme bP [13]. A mutation in the membrane anchor
of Caenorhabditis elegans mitochondrial SQR has
been found to cause oxidative stress and ageing
[41]. Interestingly, that mutation (GlyCGlu) is
from sequence alignments [9] predicted to correspond
to residue 12 in B. subtilis SdhC. It is thus possible
that both the mutant C. elegans SQR and the
His13CTyr B. subtilis SQR in the presence of succi-
nate generate reactive oxygen species in the mem-
brane-anchor domain, causing inactivation of the en-
zyme and cell damage.
Recently, we have found that the defect in assem-
bly of SQR caused by a His70CLeu mutation in B.
subtilis SdhC can be suppressed by a Tyr73CSer
mutation (Table 3). The activity of the mutant en-
zyme with the two amino acid residue replacements
is lower than normal and this could (in part) be
caused by oxidative damage. The generation of reac-
tive oxygen species can involve the [3Fe^4S] center
[42], heme iron, or a combination of these redox
factors.
8. Inhibition of B. subtilis SQR by
2-n-heptyl-4-hydroxyquinoline (HQNO)
Quinone reductase activity of B. subtilis SQR is
not sensitive to carboxin, i.e. 400 WM carboxin has
no e¡ect on this activity [21]. HQNO is regarded as a
menasemiquinone analogue and is a potent inhibitor
of B. subtilis SQR [21,43]. The Ki for isolated enzyme
is about 0.2 WM HQNO and the inhibitor a¡ects
both reduction and oxidation of quinone. HQNO
has no e¡ect on the succinate dehydrogenase activity
assayed using water-soluble dyes. The binding of
HQNO to isolated B. subtilis SQR causes a shift in
the cytochrome b visible light absorption spectrum
[43]. It also shifts the EPR signal gmax value for
heme bD from 3.36 to 3.30 (heme bP is una¡ected;
R. Aasa and L. Hederstedt, unpublished data), and
shifts the midpoint redox potential of heme bD by
357 mV (heme bP is una¡ected) [43]. HQNO binds
to both oxidized and succinate-reduced SQR, and
also to isolated diheme B. subtilis SdhC produced
in E. coli (V. Borisov, A.A. Konstantinov and L.
Hederstedt, unpublished data). Using the cyto-
chrome spectral shift as a probe, HQNO binds to
SQR at pH 8.5 with a Kd of approximately 4.5 WM
(estimated from the total concentration of the inhib-
itor in bu¡er containing detergent).
The e¡ects of binding of HQNO to SQR suggest
that the inhibitor binds close to heme bD. This site is
close to the positive side of the membrane about 30
Aî away from the [3Fe^4S] center in the peripheral
domain of SQR on the negative side of the cytoplas-
mic membrane. Assuming that there is only one
HQNO-binding site on the enzyme and that this is
a quinone-binding site, the data suggest that mena-
quinone is reduced and protonated by B. subtilis
SQR on the positive side of the membrane as indi-
cated in Fig. 2B. A menaquinone-binding site close
to the positive side of the membrane is supported by
the properties of mutant B. subtilis SQR where
His113 in transmembrane segment II of SdhC (an
axial ligand to heme bD ; Figs. 3B and 5) is changed
to a Met (Table 3) [44]. It is also strongly supported
by the properties of a W. succinogenes QFR mutant
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variant with a Glu66CGln substitution in FrdC
[45]. This mutation does not signi¢cantly a¡ect the
midpoint redox potential of hemes, the structure of
the enzyme, or the activity with water-soluble dyes.
The mutant enzyme can, however, not oxidize mena-
quinol. Glu66 is located in a cavity that, based on
modeling, could accommodate a menaquinone mol-
ecule and which is open towards the positive side of
the membrane [45]. The protonation/deprotonation
of quinone on the positive side of the membrane
explains the once mysterious coupling of activity of
diheme SQR to the transmembrane electrochemical
potential, as recently discussed in several publica-
tions [8,37,39,44,45,46,66].
The role of the two heme groups in the diheme
succinate:quinone reductases is thus to mediate e⁄-
cient electron transfer across the cytoplasmic mem-
brane. The same general function and structural ar-
rangement of heme is known, or is anticipated, in a
number of transmembrane diheme proteins with di-
verse biological functions, e.g. iron reductase [47],
phagocytic NADPH oxidase [48], dissimilatory ni-
trate reductase [49], cytochrome b561 of chroma⁄n
granule, and bacterial hydrogenase [50].
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